Introduction
Rat 6 cells (1) are a variant of F2408 Fisher rat embryo fibroblast F344 cells established by Freeman et al. (2) . They have an unusually flat morphology, maintain monolayers for extended periods, are anchorage dependent for growth, and have extemely low spontaneous transformation frequencies (1). In addition, they are resistant for transformation induced by either oncogenes or chemical carcinogens. In previous studies (3), we tested if overexpression of the c-myc protooncogene could change the sensitivity of Rat 6 cells to transformation by chemical carcinogens. We chose this protooncogene because it is overexpressed by gene amplification or chromosomal translocation in naturally occurring tumors, and is presumably involved in multi-step carcinogenesis. Rat 6 clones that overexpress the mouse c-myc gene display various degrees of altered morphology (3) . They form orderly but densely packed monolayers, grow to higher saturation density, and produce microcolonies in soft agar. Transient exposure of c-myc-expressing Rat 6 clones to benzo [a] pyrene (BP*) and N-methyl-A f -nitro-A''-nitrosoguanidine (MNNG) induced the formation of distinct, large colonies in soft agar. These findings suggested that Rat 6 cells overexpressing c-myc might be a sensitive system for identifying other potentially carcinogenic compounds (3) .
To test the response of Rat 6/c-myc clones to other compounds, we chose MnS0 4 and 5-azacytidine for our current study. Manganese sulfate is heavily used in the dye industry and in varnishes for red glazes on porcelain. Although manganese ion is an essential element in all animals, it was reported as a strong mutagen with a positive dose-response relationship in the TA102 strain of Salmonella in the Ames test (4) . Cationic and anionic manganese salts in aqueous solution also enhanced the frequencies of chromosomal aberrations in a plant system (5) . The mutagenicity or transformation potential in mamalian cells of manganese ion has not been extensively studied, although Matthews et al. (6) recently showed that MnSO 4 induced morphological transformation in Balb/c 3T3 cells. Therefore, the responsiveness of Rat 6 and Rat 6/c-myc to MnSO 4 was of interest.
5-Azacytidine (5-azaC) is a DNA base analogue whose principal effect in mammalian cells is as a potent inhibitor of DNA methylation. 5-AzaC induces transformation of C3H10T1/2 (7, 8) , CHEF18 (9) and BHK cells (10) . It was of interest to explore the effect of 5-azaC in Rat 6 cells, as well as Rat 6 cells overexpressing c-myc.
To test the transforming ability of MnSO 4 and 5-azaC, we employed two Rat 6 clones. R6#3b overexpresses mouse cmyc via a retroviral vector, while R6#8-2 contains vector backbone sequences without c-myc (3). The results indicated that both control R6#8-2 cells and myc-vectored R6#3b cells responded to 5-azaC, while only the R6#3b cells responded to MnSO 4 .
Materials and methods

Cells and culture conditions
The Rat 6 cell line (1) is a subclone of the F2408 rat embryo fibroblast cell line originally established by Freeman et al. (2) . R6#3b cells are a clone of Rat 6 cells infected with the retroviral vector CH#3 that contains mouse cmyc cDNA (3). R6#8-2 cells contain the CH#8 vector, which is identical to the CH#3 vector except that it lacks c-myc cDNA (3). Cells were maintained at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM; Gibco, McClean, Ml) plus 10% calf serum (CS. ICN-Flow Corp.).
Chemicals
Manganese sulfate and 5-azaC were obtained from the Midwest Reseach Institute (Kansas City, MO). Both chemicals were prepared in ddH 2 O as 100X stock solution.
Assay of cell transformation in soft agar
Colony formation assays in soft agar were performed according to Hsiao et al. (3) . In brief, cells were seeded at 4 X 10 4 cells per 60 mm plate and treated with chemical 24 h after seeding. After 24 h of. exposure, the chemical was removed and the cells were then fed with fresh medium. The next day, treated cells were trypsinized and counted to determine cell survival rate. Growth in soft agar was assessed by suspending 10 5 cells per 60 mm plate in 2 ml of 0.4% soft agar medium as described (3) . After 30 days, colonies greater than 0.3 mm in diameter were scored visually after staining with the vital dye INT. (6) . In preliminary experiments, the cytotoxicity of MnSO 4 was measured in R6#8-2 and R6#3b cells. Duplicate sets of cells were seeded at 4X 10 4 cells per 60 mm plate and the cultures were exposed to various dosages of MnSO 4 for 24 h. The treated cultures were then refed and maintained in fresh growth medium lacking the chemical for 24 h. The surviving cells were then trypsinized and counted (Table I) . Immediate cytotoxic effects were assessed by the survival of cells after 24 h of treatment, whilst potential delayed cytotoxic effects were assessed by counting cells after 72 h. In the latter case, cell division of surviving cells may also have occurred. The results indicated that the two cell lines had approximately equivalent sensitivities to MnSO 4 , with 50% cytotoxicity in the 50-100 (ig/ml range for the 24 h survival measurements. Cytotoxicities were measured in all further experiments, and results were corrected for the number of surviving cells.
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In the next experiment shown in Table II (expt. I), R6#3b and R6#8-2 cells were tested for transformation by MnSO 4 in the agar colony formation assay. MnSO 4 induced formation of large agar colonies in R6#3b cells in a dosage dependent manner. In contrast, R6#8-2 cells did not respond to the chemical. In Table II ml), no transformation was induced in the R6#8-2 cells. In Table m , an additional test of transformation in R6#3b cells was carried out at lower doses. It appeared that MnSO 4 doses as low as 20 (ig/ml could lead to increased agar colony formation. 4 The sizes of MnSO 4 -induced R6#3b agar colonies ranged from 0.3-0.85 mm in diameter. However, the colonies usually failed to stain with INT vital stain. This was a unique property of the MnSO 4 transformants, not being observed in agar colonies induced by BP or MNNG (3) . When the MnSO 4 -induced R6#3b agar colonies were examined under the microscope at the end of the 4th week, the outer layers of the agar colonies seemed to consist of degenerating cells that diffused into the surrounding agar ( Figure IB and C) . It was likely that the majority of the cells within the MnSO 4 transformed agar colonies were not viable. Untreated R6#3b only formed small background colonies; the outer layer of these colonies also showed signs of cell degeneration although the effect was much less severe ( Figure 1A ). Transformed subclones were established from agar colonies of the MnSO 4 -treated R6#3b cells. Recovery of subclones from the MnSO 4 -induced transformants was much more difficult than from other types of R6#3b transformants (3; and see below), consistent with the low viability of the cells in the agar colonies. Most of the transformants displayed polygonal cell bodies with long processes (Figure 2B and C) . Patches of disintegrating and refractile cells were frequently found in subconfiuent cultures of the transformants. We re-tested the transformants for anchorage-independent growth in soft agar, and most showed initial growth for the first 2 weeks. However, by the end of the 4th week, the agar colonies could not be stained with INT, consistent with the behavior of the original colonies. This was unique to MnSO 4 -induced R6#3b transformants, and it was not observed in transformants induced by other chemicals (3; see below).
Characterization of transformants induced by MnS0
Previously, we reported that Rat 6/c-myc cells tended to shed into the growth medium when they reached confluence (3). Shedding of cells into the growth medium was even more pronounced for the established MnSC>4 transformants. Earlier, Evan et al. (11) pointed out that high expression of c-myc induces apoptosis in Rat-1 fibroblasts, particularly when they are serum-deprived. We therefore tested if apoptosis had occurred in the R6#3b and the R6#3b transformants, and if shedding into the medium was symptomatic of this. One of the features of apoptotic cell death is the appearence of DNA laddering in the dying cells (11). To determine if the cell shedding in the R6#3b cultures was a reflection of apoptotic cells, shedding cells were collected from media of confluent 7) were grown past confluency. Cells that had shed from the monolayers were then collected in the medium and harvested by centrifugation. DNAs were isolated and fractionated by electrophoresis in a 1.5% agarose gel, and the gel was stained with ethidium bromide. Lane 1: undigested DNA isolated from adherent R6#3b cells; note that most of the DNA did not enter the gel. cultures of R6#3b and several R6#3b/MnSO 4 -transformants. DNAs were prepared as described (11), and separated on a 1.5% agarose gel. As shown in Figure 3 , DNA laddering was observed in R6#3b and all the MnSO 4 transformants. Therefore, consistent with Evan et al, the R6#3b cells showed significant levels of apoptosis. Moreover, MnSO 4 -induced transformation of these cells did not involve a reduction in the frequency of apoptosis.
We also tested the possibility that the MnSO 4 transformants were derived from cells that were more resistant to the cytotoxic effects of MnSO 4 . We compared the cytotoxicity of MnSO 4 for the parental R6#3b cell line with one of the MnSO 4 -transformed R6#3b clones, Ml. Somewhat surprisingly, the Ml cells were more sensitive to MnSO 4 than the parental R6#3b cells (Figure 4) . 
Responsiveness of R6#3b and R6#8-2 cells to 5-azacytidine
Previous studies in C3H10T1/2 cells suggested that 5-azaC could not induce cell transformation readily. Instead, a long latency was required before the appearance of fully transformed clones (8) . This might reflect a predominant mechanism of action involving DNA demethylation and eventual activation of transforming genes after several rounds of cell division. We were interested in finding out the effects of 5-azaC in c-mycoverexpressing and control Rat 6 cells. Table IV and Figure 5 show that both cell lines formed significant numbers of large agar colonies after transient exposure (24 h) to 5-azaC. In the first study (Table IV) , R6#3b cells were slightly more susceptible to 5-azaC, yielding more transformed colonies than R6#8-2 cells. We next tested both R6#3b and R6#8-2 over an extended dose range of 5-azaC (Table V) . Both cells showed severe cytotoxicity when a dose of 10 jiM or higher was background of spontaneous transformation. However, in the ranges of 5-azaC that produced 50% cytotoxicity (1-3 (i.M), both cell lines yielded very similar numbers of large agar colonies.
Characterization of 5-azaC-induced transformants
In general, cultures treated with 5-azaC yielded larger agar colonies (0.5-1.5 mm in diameter) than those treated with MnSO 4 (0.4-1.0 mm in diameter). Unlike the MnSO 4 transformants, the 5-azaC-induced agar colonies stained well with INT stain at the end of the transformation assays. No apparent cell degeneration was observed at the edges of the transformed agar colonies either. This could explain the larger colony sizes for the 5-azaC transformants. Transformed clones were also easily established from individual agar colonies derived from both R6#3b or R6#8-2 cultures. The morphologies of the R6#3b and R6#8-2 transformants were also comparable. Thus, c-myc overexpression did not appear to increase the transformation frequency or affect the phenotypes of Rat 6 cells transformed by 5-azaC. Subcloned 5-azaC tranformants of either R6#3b or R6#8-2 did not show evidence of cell shedding when cultured at subconfluent density; at confluency some transformants showed occasional cell shedding. This suggested that these transformants have reduced the wye-enhanced apoptosis characteristic of the R6#3b cells. All transformants tested gave large colonies (0.3-0.9 mm in diameter) when grown in soft agar.
Discussion
In this report, we tested manganese sulfate and 5-azaC for transformation of Rat 6 and Rat 6/c-myc cells. MnSO 4 reproducibly induced agar colony formation in R6#3b cells, but not Table IV , both R6#3b and R6#8-2 were responsive to 5-azaC; at cytotoxicities of c ~ 50% there was no consistent difference in the degree of responsiveness between the two cell lines. (More variation in the calculated responsiveness was observed at higher 5-azaC doses, probably due to the low cell survival.) To obtain a more optimal range of cell killing for the transformation assays, cells were treated with lower doses of 5-azaC ranging from 0.2 to 5 jiM. The results are shown in Table VI . R6#8-2 cells responded to 5-azaC, potentially at doses as low as 0.2 mM. R6#3b appeared less sensitive than R6#8-2 cells in this particular experiment, although this might have been due to a higher than normal in control R6#8-2 cells. Thus, vectored c-myc overexpression converted Rat 6 cells from unresponsive to responsive for transformation by this chemical. This supported the potential use of Rat 6/c-myc cells as a sensitive assay for potential carcinogens. These results also supported those from other assay systems suggesting that high levels of manganese ions may be carcinogenic. As such, more direct assays of the carcinogenicity of this compound may be warranted.
The exact mechanism(s) by which MnSO 4 induced transformation of R6#3b cells remains to be determined. As described in the Introduction, positive results in the Salmonella assay suggest that high levels of manganese ions may be mutagenic. On the other hand, it is also possible that MnSO 4 caused transformation by a non-genotoxic mechanism. Manganese ions are required for the function of certain cellular protein tyrosine kinases (12) . Many cellular proto-oncogenes function as tyosine-specific protein kinases, so it is possible that high levels of manganese ions could increase the activity of those proto-oncogenes. Manganese ions also play an important role in the function of manganese superoxide dismutase (MnSOD). This enzyme scavenges toxic superoxide anions that are produced during normal metabolism, or at elevated levels after oxidative insult (13, 14) . It will be interesting to test the MnSO 4 transformants for alterations in MnSOD levels and activity of tyrosine kinases. Carcinogenic nickel has also been reported to affect gene expression by induction of DNA methylation and chromatin condensation (15) , so it is conceivable that MnSO 4 might act through a similar mechanism.
The fact that c-myc overexpression was necessary for MnSO 4 -induced transformation of Rat 6 cells was interesting. It has now been established that c-myc is a DNA-binding protein when it is heterodimerized with the protein max (16) . DNA binding of myc-max heterodimers can lead to induction and/or repression of cellular genes that contain the binding sites (17) . It is possible that MnSO 4 further influences the activity(s) of m_yc-activated (or repressed) genes by one of the mechanisms described in the preceding paragraph.
Another interesting feature of the MnSO 4 transformants was the cell degeneration during the agar colony formation. This was correlated with enhanced apoptosis observed with the subcloned transformants when they were grown at high density. These two results might be related: the agar colony growth conditions might be analogous to growth in serum-free medium (11), in that critical growth stimuli are absent. As a result of c-myc overexpression, normal cell-cycle checkpoints operative in growth limiting conditions might be over-ridden, with resulting apoptic death. The MnSO 4 transformants might mimic Rat 6 cells that have an even higher level of c-myc expression than R6#3b cells. Thus, while these cells might have the ability to grow in agar suspension, at the same time they might also be extemely sensitive to those conditions for induction of apoptosis. Thus as described above, MnSO 4 transformation might be functionally in the same pathway as c-myc.
In contrast to MnSO 4 , 5-azaC induced transformation in both R6#3b and R6#8-2 cells. Therefore, unlike MnSO 4 , transformation by 5-azaC did not involve co-operation with overexpressed c-myc. Thus, the mechanism of 5-azaC transformation was distinct from that of MnSO 4 . In addition, we previously showed that BP and MNNG transformed R6#3b but not R6#8-2 cells (3). Therefore, the mechanism of transformation for 5-azaC was also distinct from these direct-acting mutagens. It was also interesting that the 5-azaC-induced R6#3b or R6#8-2 transformants both did not show evidence of apoptosis. This suggests that 5-azaC-induced transformation may involve alteration of the cellular pathway that leads to activation of apoptosis.
We have further extended these studies to test if Rat 6 cells overexpressing another myc gene show the same properties with regard to transformation. N-myc is another member of the myc gene family, and it shares many biological effects on cells with c-myc. We generated a retroviral expression vector carrying mouse N-myc cDNA, and have generated Rat 6/Nmyc cells analogous to the R6#3b cells used here. Rat 6IN-myc clones exhibited similar features to Rat 6/c-myc cells in terms of altered morphology and formation of micro-colonies in soft agar. Rat 6/N-myc clones also showed transformation by MnSO 4 in preliminary experiments. Thus these results are not confined to the particular R6#3b cells used in this study.
